We propose a new intuitive metric for evaluating the tension between two experiments, and apply it to several data sets. While our metric is non-optimal, if evidence of tension is detected, this evidence is robust and easy to interpret. Assuming a flat ΛCDM cosmological model, we find that there is a modest 2.2σ tension between the DES Year 1 results and the Planck measurements of the Cosmic Microwave Background (CMB). This tension is driven by the difference between the amount of structure observed in the late-time Universe and that predicted from fitting the Planck data, and appears to be unrelated to the tension between Planck and local esitmates of the Hubble rate. In particular, combining DES, Baryon Acoustic Oscillations (BAO), Big-Bang Nucleosynthesis (BBN), and supernovae (SNe) measurements recovers a Hubble constant and sound horizon consistent with Planck, and in tension with local distance-ladder measurements. If the tension between these various data sets persists, it is likely that reconciling all current data will require breaking the flat ΛCDM model in at least two different ways: one involving new physics in the early Universe, and one involving new late-time Universe physics.
I. INTRODUCTION
The most recent update to the local Hubble constant measurement from Riess et al. [1] (hereafter R19) increased the tension between local measurements and the Hubble constant inferred from the Planck measurements [2] of the Cosmic Microwave Background (CMB) to 4.4σ. In addition, multiple cosmic shear experiments appear to be in mild tension with the Planck results if one assumes a flat ΛCDM model [3] [4] [5] . In a strange twist, H 0 estimates from combining the Dark Energy Survey (DES) Y1 results with Baryon Acoustic Oscillation (BAO) measurements [6] [7] [8] and Big Bang Nucleosynthesis (BBN) [9] are consistent with Planck, but in tension with the R19 results. If these tensions persist, they will signal the end of the era of "concordance cosmology." A critical step in establishing these tensions is quantitatively evaluating the tension between various data sets under the assumption of a flat ΛCDM model in a robust fashion. Several such methods have been proposed for in the literature, each with different strengths and weaknesses. Here, we propose a new approach unique in that it is highly intuitive, and therefore easily lends itself to physical interpretation. As will be shown below, our proposed tension metric points towards the key features in the flat ΛCDM model that give rise to the present day tensions.
We propose to evaluate the tension between two experiments by identifying the directions in parameter space that are very nearly prior independent, and to use these particular sub-spaces exclusively when comparing two independent experiments. Because the parameter combinations we identify are nearly prior independent, they can be thought of as inherent properties of the data sets themselves, making any tension discovered in these subspaces robust to theoretical priors. After describing our proposed tension metric, we use it to compare a variety of data sets. Our findings suggest that the current flat ΛCDM model fails in such a way that reconciling the model with modern cosmological data sets will require not one but two distinct modifications of the flat ΛCDM paradigm: a modification that impacts early Universe physics, and a modification that impacts late-time Universe physics (or one modification capable of affecting both the early and the late-time Universe).
The paper is organized as follows. In Section II, we describe our approach for quantifying tensions between constraints from independent experiments. In Sections III and IV, we describe the three data sets we compare against each other (DES, Planck, Low-z, and R19) and present the results on tensions between them. We discuss our results in Section V.
II. A PROPOSAL FOR QUANTIFYING THE TENSION BETWEEN TWO EXPERIMENTS
We consider two experiments A (e.g. Planck) and B (e.g. DES), each of which is analyzed using the same underlying theoretical framework. Let p be the parameters shared by both experiments, and a and b be the parameters that apply exclusively to experiments A and B respectively. We further assume that the two experiments are uncorrelated, and that experiment A is more powerful than experiment B, as determined using the volume of the posterior over the shared parameter space.
We assume that the likelihoods L A and L B used to analyze the experiments A and B are correct. Given these likelihoods and some set of priors P A and P B (which often times are not equal to each other), each of the two data sets is analyzed via Monte Carlo Markov Chain (MCMC) realizations of the corresponding posteriors (p A , a) and (p B , b). We assume without loss of generality that both Monte Carlo chains are of equal length. If the two chains are not of equal length, one can readily use importance sampling to generate two chains of identical length. Given these two chains, we can construct a new chain ∆p = p A − p B . Note that because the experiments A and B are uncorrelated, and each point in the chain represent a random draw from each of the two posteriors, each element of the new ∆p chain represents a random draw of the posterior of p A − p B . Hence, one might be tempted to establish tension between the A and B experiments by evaluating the probability enclosed within the posterior contour intersecting the point ∆p = 0 (e.g. method 3 of Charnock et al. [10] ).
However, a problem arises when the experiments become prior dominated. We will assume that experiment B, the less constraining of the two experiments, is prior dominated in some regions of parameter space. In this case, the consistency of experiments A and B will depend on the priors chosen for the analysis. It is easy to see how this dependence could lead to both artificially high or artificially low tension: overly generous priors can dilute any tension between the two experiments, whereas tight priors that are incorrectly centered could artificially increase the tension between the two experiments.
To address this difficulty we propose to focus exclusively on those directions in parameter space that are well-measured in experiment B. In this context, wellmeasured should mean "nearly prior independent," so that our conclusions about the tension between the two data sets are robust to prior assumptions. To identify the well-measured directions in parameter space, we follow the following algorithm:
1. Given the MCMC samples (p B , b) of experiment B, compute the covariance matrix C B of the parameters p B .
2. Diagonalize C B to identify its eigenvectors and eigenvalues. For Gaussian distributions, these eigenvalues correspond to the variance of the corresponding eigenvectors.
3. Sample the prior distribution for p B and project them along the measured eigenvectors.
4. Compare the variance obtained from the prior distribution to the variance obtained from the posterior distribution for each eigenvector of experiment B.
5. A particular direction in parameter space (eigenvector) is said to be well-measured if the variance of its posterior is at least 100 times smaller than the variance of its prior.
Of course, the threshold value of 100 is somewhat arbitrary, and an experimenter could choose to keep or throw away "borderline" modes for physical reasons. So long as this decision is done a priori, the exact cutoff is irrelevant, in the sense that the resulting comparison will be a valid metric for testing the consistency of two data sets. One straightforward way to ensure the a priori nature of this decision is to select eigenmodes based on the analysis of a synthetic data set for experiment B.
To evaluate the tension between two experiments we rotate both the p A chain and the p B chain into the eigenbasis, producing two new chains e A and e B . We then generate a new chain ∆e, and use this chain to evaluate the tension between the two experiments, restricting ourselves to the well-measured directions. Specifically, we compute the contour of the posterior distribution that intersects the point ∆e = 0, and then evaluate the probability enclosed by this contour. This probability can then be transformed into the usual Gaussian σ ("z-σ tension") via the relation
A 1D example of this procedure is presented in Fig. 1 . We emphasize that our metric is not meant to be optimal in any way. It is simply meant to be robust to the choice of priors and easy to interpret.
III. DATA SETS
We consider four different data sets; DES, Low-z, Planck, and R19. Here, we briefly describe each of these data sets, and refer to the relevant publications for more details.
A. DES
We first consider the DES constraints obtained by combining the galaxy-galaxy [11] , galaxy-shear [12] , and shear-shear [13] correlation functions measured from its first-year (Y1) data set. The DES Y1 data set covers 1321 deg 2 in the griz bands. From this footprint, a lens sample of 650,000 redMaGiC [14] galaxies(0.15 < z < 0.9) and a source sample containing 26 million galaxies (0.2 < z < 1.3) with shape measurements [15] are identified, and used to compute galaxy-galaxy, galaxy-shear, and shear-shear angular correlation functions. Cosmological constraints from these measurements are obtained through the likelihood analysis pipeline described in [16] .
B. Low-z
The Low-z data set is comprised of the following experiments. First, we include the DES Y1 cosmology results discussed above. Second, following [17, 18] we add the anisotropic BAO measurements from the BOSS Data Release 12 [6] . Third, we include the BBN-based measurements of Ω b in [9] . In addition, as described in Section IV, we verify consistency of the DES+BAO+BBN data with the Pantheon [19] sample of supernovae (SNe) using our method. Based on this agreement, we further add the Pantheon sample to our data set. We note that the BBN measurement of Ω b is necessary for this data set to internally calibrate the sound horizon scale. While this BBN constraint does not rely on low redshift Universe physics, the tensions that we discussed are not strongly impacted by the specific value of Ω b . Thus, we refer to this entire data set as Low-z to emphasize the fact that, as we will see shortly, to the extent that this data set is in tension with Planck, this tension is driven by low redshift Universe physics.
C. Planck
We use the final, full-mission data release from the Planck Collaboration [2] to construct our Planck data set.
Note that instead of the usual TTTEEE+lowl+lowE+lensing results most frequently quoted by the Planck Collaboration for Planck-only cosmology constraints, we use the TTTEEE+lowl+lowE results. This minimizes any CMB lensing information in the data set, thereby ensuring that the CMB constraints we use are driven by physics from the early (pre-recombination) Universe.
D. R19
For the distance-ladder based measurement of the Hubble constant, we use the 1D Gaussian constraint of H 0 = 74.03 ± 1.42 km/s/Mpc reported in [1] .
IV. RESULTS
We begin by applying the methodology of Section II to evaluate the tension between the Planck and DES data sets, with Planck as experiment A and DES as experiment B. Throughout this section, we assume a flat ΛCDM model with free m ν and three degenerate neutrino species. The cosmological parameters of interest are thus: Ω m , Ω b , h, σ 8 , n s , and m ν . In practice, rather than computing the covariance of these parameters, we evaluate the covariance matrix of the natural logarithm of these parameters. This way, eigenvectors can be interpreted as a product of the cosmological parameters. In addition, to ensure that the robust eigenmodes are selected a priori, we employ a synthetic DES data set to generate synthetic DES posteriors. We first identify the well-measured parameter combinations from the synthetic posteriors, and then project the actual constraints along the identified robust eigenmodes. The synthetic data set for DES is constructed with the theory predictions from the DES likelihood pipeline, with fiducial parameter values listed in [16] .
After applying the procedure, we find that there is only one well-measured eigenvector in the DES experiment. This eigenvector is very nearly contained within the sub- 
The corresponding value of for this same eigenvector in Planck Collaboration et al. [2] is e Planck ≈ 0.400 ± 0.010.
In practice, the full DES eigenvector includes very small contributions along the other parameters, but we have found that these contributions have little impact on our tension metric. Consequently, throughout this work we will restrict our presentation to these approximate eigenvectors, as they are much easier to interpret. The left panel of Figure 2 shows the posterior distribution of e Planck and e DES . These two measurements are at a 2.2σ tension.
We now extend the DES data set to construct the full Low-z data set. We follow [17] and combine DES with the BAO and BBN data sets, and further consider adding the Pantheon sample of SNe. To test for the consistency of the DES+BAO+BBN and Pantheon experiments, we apply our procedure with DES+BAO+BBN as experiment A and Pantheon as experiment B. In the flat ΛCDM parameter space, Pantheon has one well-measured mode, namely
as reported in [19] . The value of this same eigenvector in the DES+BAO+BBN data set is Ω m = 0.298
The two measurements are in excellent agreement, and thus we may safely combine them. This combination yields the full Low-z data set, upon which we apply our procedure and find two eigenmodes that are wellmeasured:
The second eigenmode (e 2 ) is nearly identical to the original DES eigenmode, while the first eigenmode (e 1 ) represents the constraining power on h and Ω b newly gained by the combination of BAO, BBN, and SNe data sets. Note that again we are using a synthetic data set for Low-z in identifying e 1 and e 2 . This synthetic Low-z data set is constructed in a similar fashion to the aforementioned synthetic DES data set, i.e. with theory predictions for the four experiments evaluated at the fiducial parameter value specified in [16] . We are now ready to perform the three-way consistency test between Planck, Low-z, and R19, via the following experiment pairs:
• Planck (A) vs. R19 (B)
The middle panel of Figure 2 shows the results from the first comparison, namely between Planck and Low-z. The two data sets are in good agreement along the e 1 direction, while exhibiting tension along the e 2 direction. Compared with the Planck vs. DES pair, the overall tension in the well-measured 2D parameter subspace is reduced to 1.9σ because of the look-elsewhere effect (if we were to only consider the e 2 direction, the estimated tension would have increased to 2.3σ). The right panel of Figure 2 shows the results from the second and third comparisons. As R19 plays the role of experiment B here, we show the posterior distributions of the Hubble parameter, i.e. the only eigenmode in R19, for the Planck, Low-z, is very nearly prior independent in the Low-z data set, and is associated with the lensing strength of the low redshift Universe. The Hubble parameter constraint from the Low-z data set is driven by the same early Universe physics that lead to the Planck counterpart, but constitutes a fully independent calibration of the sound horizon scale. The excellent agreement between Planck and Low-z on the Hubble parameter paints a consistent picture of the sound horizon, and suggests that reconciling these values with R19 will require modification to early Universe physics. In contrast, the e2 tension between Planck and Low-z data sets reflect a difference between the lensing strength predicted from Planck based on the early Universe and the low redshift measurements. Reconciling these two results will therefore require altering late-time Universe physics, likely those associated with the current accelerated phase of expansion. Put together, the results shown here point towards two very distinct failures of the standard flat ΛCDM paradigm.
and R19 data sets. We recover a 4.0σ tension between Planck and R19, and a 3.7σ tension between the Low-z and R19 data sets. Along the h direction, both Planck and Low-z are in tension with R19. These two measurements share a common theoretical model for the sound horizon scale r s , but are otherwise fully independent. That is, the Low-z measurement constitutes a new, completely independent calibration of the sound horizon scale. The excellent agreement between the Planck and Low-z measurements of h suggests that the evolution of the angular diameter distance in the flat ΛCDM model is correct, though a conspiracy of cancelling errors at two epochs is still a possibility. In absence of such a conspiracy, reconciling these two experiments with R19 will require a modification of the early Universe physics capable of impacting the sound horizon scale. Recently, Aylor et al. [20] reached a similar conclusions from an in-depth analysis of the acoustic fea- tures in the CMB, thereby strengthening our conclusion: new physics that can relieve the tension between R19 and both of the sound horizon based results -Planck and Low-z -must reside in the high redshift Universe.
Turning our attention to the e 2 (σ 8 Ω 0.71 m ) direction in Figure 3 , it is readily apparent that the Planck and Lowz data sets are in mild tension with each other. Unlike the H 0 tension, the difference between the Planck and Low-z data sets points towards new physics in the latetime Universe, likely associated with the current phase of accelerated expansion. Specifically, the σ 8 Ω 0.71 m parameter combination can be thought of as characterizing the "lensing strength" of the late-time Universe, itself determined by the amplitude of matter inhomogeneities (σ 8 ) and the amount of matter in the late-time Universe (Ω m ). This lensing strength can be predicted from the amplitude of inhomogoneities and matter density inferred from the early Universe as measured by Planck. That is, the tension between Planck and Low-z reflects a failure of the flat ΛCDM model to correctly extrapolate from the high redshift measurements from Planck to the low redshift measurements from Low-z.
Taken together, the two distinct tensions highlighted in Figure 3 suggest that, if both tensions persist, reconciling all three data sets may require a new set of physics that impacts both the early and late-time physics of the Universe. For this reason, many of the usual candidates for extensions of a flat ΛCDM model are not especially attractive approaches towards simultaneously reconciling all three data sets in Figure 3 . To demonstrate this point, we consider three such extensions: 1) free N eff , 2) free w, and 3) free Ω K . For each extension, we first obtain the updated Low-z eigenmodes and identify the eigenmode e 2 that exhibits the strongest overlap with the original Lowz e 2 . We then examine constraints from Low-z, Planck, and R19 in the e 2 -h plane, in analog to our original comparison in Figure 3 .
We note that Planck does not yet provide likelihoods or chains that simultaneously vary the above extension parameters -more specifically w and Ω K -together with m ν . Consequently, we fix m ν = 0.06 eV for the free w and Ω K scenarios to enable comparisons against Planck results in these models.
Before presenting the results of each of the above extensions, it is worth working through what we expect to find based on our earlier discussion. When we allow for an early Universe modification (N eff ), we allow for freedom in the sound horizon calibration. This might enable reconciling the sound-horizon based measurements of the Hubble constant with R19, but should do little to abate the tension between Planck and Low-z. Conversely, when we consider modifications of the late-time Universe (w = −1 or Ω k = 0 ), we may hope that opening up these degrees of freedom will help reconcile Planck and Low-z estimates of the lensing strength of the low redshift Universe. However, even if such a reconciliation does happen, we would predict that the tension in the Hubble parameter between R19 and at least one of the two sound horizon based measurements of H 0 (Planck or Low-z) would remain. Let's see what happens. Figure 4 shows the e 2 -h parameter subspace for each of the three extensions we considered. Freeing N eff introduces early universe modifications to the flat ΛCDM model by changing the radiation density in the early universe. Under this extension, we find
almost identical to the flat ΛCDM Low-z e 2 . In this model, the Planck-R19 and Low-z-R19 tensions are 3.5σ and 0.9σ respectively. As expected, the tension between the sound horizon measurements and R19 has been reduced, but in the case of Planck significant tension remains. This is because the high-l multipoles in Planck effectively constrain N eff . Along the new e 2 direction, Low-z and Planck are in 2.6σ tension, similar to the original flat ΛCDM result. Next, we consider the wCDM model, in which the dark energy equation of state w is allowed to vary. We obtain
In this extension, the Low-z data set exhibits a third robust eigenmode, with a well-measured parameter (w) adding an extra dimension. As previously discussed, we first restrict our attention to the e 2 mode to see if the tension along this direction has been alleviated. As shown in Figure 4 , this late-time Universe modification helps reconcile the tension between the Planck and Low-z experiments along the e 2 direction. Along the h direction, the tension between the two experiments and R19 respectively changes from 4.0σ (Planck) and 3.7σ (Low-z) to 1.5σ and 3.9σ, demonstrating that Low-z remains in tension with R19. This reveals a subtle difference in the nature of sound horizon calibrations between Planck and Low-z. Both methods require calculations of angular diameter distances, which in turn depends on w. However, while Planck has little constraining power on w, Low-z tightly constrains w and thus allows much less freedom in the derived angular diameter distances. More specifically, the Pantheon data holds the shape of the angular diameter distance as a function of redshift fixed. As a result, the Low-z constraints on h remains tight and in significant tension against R19, implying that a free w fails to reconcile the three-way tension highlighted in Figure 4 .
It is worth pausing here to consider a hypothetical scenario in which we first studied Planck and R19 within the context of a wCDM model. In such a scenario, Planck and R19 would be found to be consistent, enabling us to combine the two experiments. We would have then tested for consistency between Planck + R19 as experiment A and Low-z as experiment B. Applying our tension metric, we find that despite the difference in the h posterior noted above, the two experiments are consistent with each other, the difference between them being significant only at the 1.1σ level. While Planck + R19 prefers significantly higher values of h compared to Low-z, it also prefers lower values of Ω b . As a result, Planck+R19 is not very different from Low-z along the wCDM eigenmode e 1 = Ω b h 2.55 , and no tension is detected despite the clear difference in the posteriors for h. This "failure mode" of our tension metric is illustrated in Figure 5 , and clearly demonstrates that the tension metric considered here is not generically optimal.
Finally, allowing curvature to vary yields
We see that freeing this degree of freedom does not help reconcile Planck with Low-z, and it also fails to reconcile Planck with R19. It is curious that Planck is now in strong tension with both Low-z and R19. As discussed in [2] , this is due to detailed features in the high-l multipoles (shown here by the dashed lines perpendicular to e 1 ) and thus the experiments exhibit no tension when utilizing our proposed metric.
in Planck, which also lead to anomalous estimates of the lensing amplitude from the high-l multipoles. Based on the cautionary words in [2] (see particularly Sect. 7.3), we will not discuss this extension any further. In summary, we have argued that the present state of cosmology presents us with not one but two distinct challenges to the supremacy of the flat ΛCDM model. On the one hand, cosmological distances inferred from independent calibrations of the sound horizon scale as a standard ruler are in tension with local distance ladder measurements. If this tension is not ultimately traced to underlying systematics in one or more of the measurements, it suggests that the physics of the early Universe, particularly around the epoch of recombination, may not be entirely understood. The day before this paper was submitted to arXiv, the H0LiCOW collaboration published their most recent constraints on H 0 , finding H 0 = 73.3 +1.7 −1.8 km/s/Mpc [21] . This constraint, based on strong lensing measurements, is in very good agreement with the R19 measurement, and in tension with the Planck and Low-z estimates, further strengthening the case for modifications in early Universe physics.
In constrast to the H 0 tension, the difference between the predicted low redshift lensing strength of the Universe from Planck and that inferred from current cosmic shear experiments suggests that, should these tensions persist, new physics in the late-time Universe may be required, likely related to the current phase of accelerated expansion of the Universe. In short, simultaneously reconciling cosmic shear experiments, distance ladder measurements, and Planck CMB data will likely require modifications of both the early and late-time universe physics (or one modification that impacts cosmological evolution at both times). Evidently, it is now more urgent than ever to stress test the experimental procedures upon which these results rest, while continuing to decrease the corresponding uncertainties. If the current tensions persist, we may well be on the verge of not one but two distinct cosmological revolutions.
